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Abstract 
Early skill development often occurs without the presence of a skilled instructor, or in settings where skilled mentors 
are unable to provide prolonged one-to-one guidance and instruction. Interactive training aids, including those using 
electronic textiles and auditory biofeedback, offer new scope for performance monitoring and novice training. Textile 
sensors, such as strain sensors, are enabling measurement in a way that allows motion capture and real-time feedback 
stimuli in diverse training and competition environments. The goal of this study was to explore the potential of an 
electronic textile for use in lower limb skill development. A pair of “intelligent leggings” was prepared by mounting 
textile strain sensors across the knee on a pair of leggings commonly worn in sports training. A custom wireless 
electronic unit (40 x 40 x 12mm, located on waist), sampling at 250Hz, streamed kinematic information from the 
intelligent leggings to a computer in real-time. The ability of the intelligent leggings to reliably monitor leg motion 
was assessed for a set of exercises involving running and kicking in a motion capture laboratory. Three dimensional 
kinematic data was collected using with an Optotrak Certus system operating at 100Hz. Clusters of markers were 
placed on the thigh and shank with the knee joint axis located using a digital probe and functional tasks. The 
intelligent leggings were found to be suitable for use as part of an interactive training system for lower limb skill 
development. 
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1. Introduction 
Early skill development often occurs without the presence of a skilled instructor, or in settings where 
skilled mentors are unable to provide prolonged one-to-one guidance and instruction. Interactive training 
aids, including those using electronic textiles and auditory biofeedback, offer new scope for performance 
monitoring and novice training [1,2].  
Although highly reliable, ‘gold standard’ biomechanical systems have been criticised recently because 
of their lack of reprehensive design of environment and as such the reproduction of expert performance is 
likely to be diminished in the often de-contextualised laboratory “performance setting” [3]. Textile 
sensors, such as strain sensors, are enabling measurement in a way that allows motion capture and real-
time feedback stimuli in diverse training and competition environments. Before textile sensor products 
can be used with confidence in the natural performance environment they must be validated and found to 
compare favorably to existing gold standard measures such as those achieved with three dimensional 
motion analysis systems.  
Having established confidence in the measurement of kinematics from a wearable system, the 
interactive aspects of the training aids can be developed further, including the use of auditory 
biofeedback. Examination of the role of auditory feedback has generated interest in the concept of 
wearable interactive devices being able to promote an implicit form of learning, and questions on how 
multiple senses can be integrated within the perceptual system. Research on multisensory learning has 
suggested specific areas of multisensory integration in the human cortex, and recently research on 
accuracy tasks has demonstrated that additional auditory information enhances reproduction accuracy of 
gross motor movements [4].  
The goal of this study was to explore the validity and potential of an interactive device using an 
electronic textile for lower limb skill development. 
2. Experimental 
The utility of the intelligent leggings to reliably monitor leg motion was assessed for a set of exercises 
involving jumping, running and kicking for one male subject in a motion capture laboratory. 
2.1. Equipment 
A pair of “intelligent leggings” was prepared by mounting textile strain sensors across the right knee 
on a pair of leggings commonly worn in sports training. The intelligent leggings were worn so the strain 
sensor was placed on the anterior aspect of the knee joint, with the sensor running along the longitudinal 
axes of the thigh and shank segments. A custom wireless electronic unit (40 x 40 x 12mm, located on 
waist), sampling at 250Hz, streamed lower limb kinematic information via Bluetooth from the intelligent 
leggings to a computer (Viliv X70 UMPC) in real-time. Customized logging software developed using 
National Instruments LabVIEW™ suite running in Windows XP®, similar to that used in previous 
studies [5], was used to capture performance data and to provide real-time interactive auditory 
biofeedback in certain tests. The auditory biofeedback was a percussive snare drum sound played through 
a speaker located nearby the subject. 
Three dimensional kinematic data was collected using Optotrak Certus system (Northern Digital Inc., 
Waterloo, Canada, root mean square error of 0.1mm in 2D and 0.15mm 3D) operating at 100Hz. Three 
Optotrak camera towers were placed approximately 5m from the kick area. Rigid body markers composed 
of clusters of light emitting diodes were placed on the lower extremity (thigh and shank). Anatomical 
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landmarks were located and established at the knee (medial/lateral epicondyl) using a digitising probe to 
locate anatomical landmarks for calculation of the knee joint centre. 
Fig 1. Performance of kicking trial with i-leggings and Optotrak systems collecting data on the kicking (right) limb. 
2.2. Experimental design 
Knee angle data from the participant was calculated using each system to ascertain whether significant 
differences exist in knee angle data between the two systems. Optotrack three dimensional motion 
analysis derived knee angles were used as the reference measure and intelligent leggings the experimental 
measure. Pearson’s r values were calculated for each trial to examine the relationship between the 
intelligent leggings and the Optotrak measures. Percent CV differences (%CV) with 90% confidence 
intervals calculated from natural log-transformed data of maximal knee flexion angles were used to 
provide an error measurement; the limit of acceptability was set at 10%. 
The subject was initially asked to perform a series of exercises involving jumping, running and kicking 
(with and without a football), without biofeedback. Subsequent tests involved the use of auditory bio-
feedback involving a single short percussive sound triggered by knee flexion beyond a certain level. 
3. Results and Discussion 
The intelligent leggings were found to reliably monitor leg motion for a set of exercises involving 
jumping, running and kicking in a motion capture laboratory. Mean peak knee flexion measure used 
ranged from 66.05 to 110.53Σ across all task (Table 1). All %CV were within the acceptable limit of 10%. 
Further data collection with a larger trial size will strengthen these results and reduce the confidence 
intervals (Table 1).  
Table 1: Level of closeness of Optotrak and i-leggings for Range of motion, Easy and maximal AFL kicking tasks 
  Maximum Knee Flexion  Mean (s)    
 Optotrak i -leggings %CV Lower CI Upper CI R2 Mean (s) 
Range of Motion   66.05  (3.61)   69.45 (10.49) 1.5 0.8 26.7 0.97 (0.01) 
Easy AFL Kick 110.53  (0.69) 120.50 (0.95) 1.0 0.6 4.6 0.82 (0.02) 
Max AFL Kick   98.49 (10.15) 104.25 (5.15) 0.7 0.3 11.0 0.95 (0.01) 
NB. A straight knee or full extension is 180o
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3.1. Unloaded knee flexion range of motion 
The results of a range of motion trials suggest the i-leggings performed very well in unloaded knee 
flexion when compared to the Optotrak Certus system, (mean R2 97.17 (0.01)). An example is given in 
Figure 2.  
Fig 2. Data for comparison of i-leggings and Optotrak kinematic data for a knee bend range of motion trial. 
3.2. Mapping Australian football kicking 
Preliminary results during a range of lower limb tasks that included kicking suggested the i-leggings 
dynamic response was sufficient to capture the dynamic aspects of limb movement when compared to the 
Optotrak Certus system (Figure 3). The i-leggings accuracy and precision of ‘Kicking with no step’ (R2
mean 0.82 (0.02)) and the ‘kicking with step at maximal effort’ (R2 mean 0.95 (0.01)) was consistent with 
previous studies on other limbs that used electronic textile strain sensor garments in complex limb tasks 
[1,2].  
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Fig 3. Comparison of textile and Optotrak kinematic data for the maximal effort Australian football kicking task. 
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The accuracy and precision of the knee position measurement enabled useful kinematic analysis of 
technique. For example, in the ‘Jump, then short run and kick the ball: repeat three times’ task (Figure 4) 
it was possible to distinguish kicking events by a threshold of kick velocity. This is useful for identifying 
kicking events during normal ‘uncontrolled’ training sessions in field settings. Reliable sensor function 
such as this is important for managing performance data using activity classification [6] and the i-leggings 
appear to be well suited for use with mobile field monitoring systems [7].   
Fig 4. Kinematic analysis and event detection of Australian football kicking task. 
3.3. Interactive  kicking 
A preferred characteristic of Australian football kicking technique involves significant knee flexion as 
part of the kicking action [8]. The use of an interactive model involving auditory feedback for flexion 
beyond a certain threshold (85Σ) was found to usefully encourage knee flexion (Figure 5). 
 Fig 5. (a) Comparison of subject kicking prior to and during use of interactive auditory feedback; (b) Interactive threshold model 
for teaching a preferred characteristic of Australian football kicking technique. 
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It was observed that the threshold condition was met approximately 130ms prior to the contact event. 
The auditory sounding could also be distinguished prior to actual contact suggesting complex sonification 
might be used with kicking as has been beneficially used with other limb tasks [2,9]. Further studies are 
required to explore the efficacy of interactive biofeedback and preferred sonification for kicking. 
4. Conclusion 
The i-leggings were found to be a valid tool for the real-time measurement and interpretation of key 
lower limb angles when running and kicking footballs. The freedom of movement allowed by the garment 
based system will allow running and kicking performance to be measured and biofeedback provided 
within the natural performance environment. Further research on the role of auditory feedback and 
multisensory learning of these skills is advocated.  
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